Subunits A and B of DNA gyrase were purified from Pseudomonas aeruginosa PAO1 and its mutant, which was resistant to nalidixic acid. Inhibition tests of DNA gyrases reconstituted with a combination of subunits from the two strains showed that an alteration of subunit A but not subunit B caused bacteria to resist fluoroquinolones.
Subunits A and B of DNA gyrase were purified from Pseudomonas aeruginosa PAO1 and its mutant, which was resistant to nalidixic acid. Inhibition tests of DNA gyrases reconstituted with a combination of subunits from the two strains showed that an alteration of subunit A but not subunit B caused bacteria to resist fluoroquinolones.
New fluoroquinolones, such as norfloxacin (NFX), ofloxacin (OFX), enoxacin, and ciprofloxacin (CPX) show activity against a broad spectrum of gram-negative and gram-positive bacteria, including nalidixic acid (NA)-resistant strains (11, 20, 25) . From studies of in vitro DNA replication systems, these quinolones appear to inhibit DNA syhthesis by inhibiting the activity of DNA gyrase (10, 24) . DNA gyrase, which catalyzes the supercoiling of relaxed closed circular DNA by coupling with the hydrolysis of ATP, was found in Escherichia coli (5) and was considered to be an essential enzyme for the DNA replication of chromosomes, plasmids, and bacteriophage (12, 13, 23) . DNA gyrase from E. coli consists of two subunits, A and B (3, 7) . Subunit A is a dimer of a 105,000-dalton protein encoded by the gyrA gene, which determines resistance to NA, and subunit B consists of a 95,000-dalton protein encoded by the gyrB gene, which determines resistance to novobiocin and coumermycin Al (4, 7, 9, 19, 29) .
Strains of Pseudomonas aeruginosa are the most important pathogens, because they are often isolated from clinical specimens and are resistant to various antibacterial agents (2) . Benbrook and Miller (1) reported that NFX inhibits both the replication of DNA in growing cells of P. aeruginosa and the supercoiling activity of DNA gyrase in vitro. Further, we reported that OFX and CPX, in addition to NFX, strongly inhibit the supercoiling activity of DNA gyrase from P. aeruginosa PAO1 (24) .
It was reported that the NA resistance mechanisms of P. aeruginosa were chromosomal mutations of nalA or nalB genes (22). The nalA gene is located at approximately 51 min, and the nalB gene is located at approximately 31 min on the genetic map of P. aeruginosa PAO (22), although enzymatic studies have not been done until recently.
In this study, we describe the purification procedure and show some properties of subunit A and subunit B proteins of DNA gyrase from a mutant (Nalr), compared with those of the parent strain P. aeruginosa PAO1, to clarify resistance mechanisms of P. aeruginosa to quinolones. P. aeruginosa PAO1 (8) We obtained the following compounds as gifts from the manufacturers: NFX, OFX, enoxacin, CPX, pipemidic acid (PPA), and NA. To determine the MICs of drugs, the agar dilution method was employed. One loopful (ca. 3 x 104 CFU) of a diluted culture was inoculated onto modified Mueller-Hinton agar (Nissui Seiyaku Co., Ltd.) containing serial twofold dilutions of a drug. The MICs were determined after incubation at 37°C for 18 h.
P. aeruginosa was grown in 2 liters of medium B (18) and harvested at late log phase. Cells were washed once with 300 ml of saline solution and suspended in an equal volume of 10 mM Tris hydrochloride (pH 7.5)-i mM EDTA-1 mM dithiothreitol (TED buffer). The cell suspension was diluted with an equal volume of TED buffer and distributed (20 ml each) into Beckman 42.1 rotor centrifuge tubes. To each tube, 0.25 ml of 0.2 M dithiothreitol, 1 ml of 0.5 M EDTA (pH 7.5), 2.5 ml of 1 M KCl, 0.5 ml of a freshly prepared solution (30 mg/ml) of lysozyme (Sigma Chemical Co.), and 0.5 ml of a 10% solution of Brij, 58 (Sigma) were added sequentially. After gentle mixing, the solution was incubated at 0°C for 30 min and centrifuged at 35,000 rpm for 1 h. To 40 ml of supernatant, 4 ml of 5% neutralized Polymin P (Bethesda Research Laboratories, Ltd.) solution was added drop by drop with stirring, and stirring was continued for 30 min. After centrifugation at 12,000 x g for 15 min, the tubes were drained, and the pellets were homogenized in 20 ml of 1 M NaCl in TED buffer with a glass homogenizer. After being stirred for 30 min, the suspension was centrifuged, and the supernatant was collected. Solid ammonium sulfate (0.4 g/ml of supernatant) wag added, and the suspension was stirred for 30 min. The precipitate was collected by centrifugation at 12,000 x g for 15 min, resolved in 10 ml of TED buffer, dialyzed against 4 liters of TED buffer for 4 to 6 h, and then centrifuged to remove any precipitate formed during dialysis.
The sample was loaded onto a novobiocin-Sepharose (26) column (bed volume, 10 ml) previously equilibrated with TED buffer. The column was washed with 100 ml of TED buffer and eluted in a stepwise manner with 0. The supercoiling activity of DNA gyrase was measured by the conversion of relaxed pBR322 DNA to the supercoiled form, as monitored by agarose gel electrophoresis. The reaction mixture (40 ,u) contained 40 mM Tris hydrochloride (pH 7.5), 60 mM KCl, 5 mM MgCl2, 2 mM spermidine, 1 mM ATP, 10 mM dithiothreitol, 20 ,ug of tRNA per ml, 20 ,ug of bovine serum albumin per ml, 0.1 ,ug of pBR322 DNA which was relaxed by topoisomerase I (Bethesda Research Laboratories, Ltd.), subunit A and subunit B proteins (1 U each), and drug solution. After 60 min of incubation at 37°C, the reaction was stopped by the addition of 5 ,ul of proteinase K solution (1 mg/ml). The mixture was subjected to 0.8% agarose gel electrophoresis. The gel was stained with an ethidium bromide (0.5 ,ug/ml) solution and photographed by using UV light. One unit of DNA gyrase activity is defined as the amount of DNA gyrase which brings 50% of relaxed pBR322 DNA to the fully supercoiled position in agarose gel electrophoresis. The A and B subunit assay conditions were identical, except that the reaction mixture had an excess of the complementary subunit. The protein concentration was estimated by measuring the optical density at 280 nm.
To determine the location of the NA resistance gene in mutant 10, transductions with phage F116L were perfomed by the method of Krishnapillai (14) and Matsumoto et al. (16) . P. aeruginosa PA01840 (met-9020 leu-9005 hex-9001) was used as the recipient strain. The resistance gene in mutant 10 was cotransducible with hex-9001 (37% linkage) and leu-9005 (0.8% linkage) but not with met-9020 by F116L phage. The locus coding for high-level resistance to NA, nalA from PAO1052 (proB thr48 nalA pru-70 cys-59), was also cotransducible with hex-9001 and leu-9005. Transduction with F116L phage suggested that the mutation locus in mutant 10 was the nalA gene.
DNA gyrase from P. aeruginosa was reported by Miller and Scurlock (17) , but structural studies have not been done. Studies have been carried out only with the enzyme from E. coli (7, 19) , Micrococcus luteus (15) , and Bacillus subtilis (21) . In this study, we separately purified the subunit A and subunit B proteins of DNA gyrase from P. aeruginosa.
The major protein bands of subunit A and subunit B from strain PAO1 were 7.7 x 104 and 1.1 x 105 daltons, respectively, on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The specific activities of preparations of subunit A and subunit B were 9.1 x 103 and 2. observed. The reconstituted mixtures of subunit A from PAO1 (As; s, sensitive) and subunit B from mutant 10 (Br; r, resistant) or subunit A from mutant 10 (Ar) and subunit B from PAO1 (Bs) showed similar supercoiling activity (data not shown). If the active structure of P. aeruginosa DNA gyrase were a tetramer, A2B2, the molecular mass of this enzyme would be 3.7 x 105 daltons. This value was similar to that found by Miller and Scurlock (17) . Therefore, we considered that the active gyrase holoenzyme was a tetramer composed of two subunits, A2 and B2-P. aeruginosa DNA gyrase is similar to E. coli gyrase in its cofactor requirements. In addition to ATP, the DNA supercoiling reaction requires divalent metal ions, such as 10, respectively. effective at lower concentrations and over a narrow range (data not shown). These results were similar to those for E. coli (27) .
The antibacterial susceptibility of the P. aeruginosa strains is shown in Table 1 . The P. aeruginosa mutant was highly resistant to NFX, OFX, and CPX. In contrast, PA01 was inhibited at low concentrations of these drugs.
The inhibitory effects of NFX on supercoiling activities of PAO1 gyrase and mutant 10 gyrase are shown in Fig. 1 . Lanes A and H are drug-free controls of mutant 10 gyrase and PAO1 gyrase, respectively. Lanes I to N have PA01 gyrase with NFX at various concentrations. Some inhibition was seen at 25 to 50 jig/ml (lanes K and L), and complete inhibition was seen at 100 j,g/ml (lane M). On the other hand, NFX did not inhibit the supercoiling activity of mutant 10 gyrase at the concentration of 400 ,ug/ml. By the quantitative measurement of the supercoiled DNA peak by a densitometric assay, inhibitory patterns of NA, PPA, NFX, OFX, CPX, and novobiocin against the supercoiling activity of PAQ1 gyrase are shown in Fig. 2 . New quinolones, i.e., NFX, OFX, and CPX, inhibited at lower concentrations than did NA and PPA, and novobiocin was the most effective agent. The 50% inhibitory doses of these drugs against the supercoiling activity of PAQ1 gyrase and mutant 10 gyrase are shown in Table 1 . Although DNA gyrase from mutant 10 was highly resistant to quinolones, it was sensitive to novobiocin. The 50% inhibitory doses of NFX, OFX, and CPX for As plus Bs, As plus Br, Ar plus Bs, and Ar plus Br are shown in Table 2 . The sensitivity of As plus Br to quinolones was similar to that of As plus Bs, and the sensitivity of Ar plus Bs to quinolones was similar to that of Ar plus Br.
From the sensitivity test of DNA gyrase to quinolones and novobiocin, the gyrase from mutant 10 showed high resistance to quinolones, although the sensitivity to novobiocin was not different from that of PAQ1 gyrase. Furthermore, the reconstituted mixture of subunit A from mutant 10 and subunit B from PAQ1 also showed high resistance to quinolones. From the sensitivity to novobiocin, which is one of the inhibitors of subunit B protein of DNA gyrase (6, 28) , it was considered that the subunit B protein of mutant 10 gyrase was not altered.
Based on these results, we concluded that the nalA gene product is subunit A protein of DNA gyrase and that the resistance mechanism ofP. aeruginosa against quinolones is due to the alteration of subunit A protein.
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